INTRODUCTION
L-Ara binose is a constituent of plant-cell-wall polysaccharides. It is found in a polymeric form in L-arabinan, in which the backbone is formed by 1,5-alinked L-arabinose residues that can be branched via 1,2-a-and 1,3-a-linked L-arabinofuranose side chains. L-Arabinose is also found as a side chain residue in arabinogalactans (1,3-a or 1,6-a linked), arabinoxylans Abbreviations: ABF, a-L-arabinofuranosidase; MU-ara, rl-methylumbelliferyl a-L-arabinofuranoside; PNP-A, p-nitrophenyl a-L-arabinofuranoside.
The EMBL accession number for the sequence reported in this paper is Y13759.
(1,2-a or 1,3-a linked) and in pectin (1,3-a linked). The enzymic modification of these polysaccharides is technologically relevant in the processing of agricultural products like fruits, vegetables and cereals (Voragen et al., 1982 (Voragen et al., , 1987 .
In nature, different micro-organisms secrete endo-arabinanases and a-L-arabinofuranosidases (EC 3.2.1.55) to degrade polysaccharides containing L-arabinose. Most commercial enzyme preparations containing L-arabinanases are obtained from filamentous fungi like Aspergillus niger. This fungus secretes two arabinofuranosidases ( AbfA and AbfB) and one endo-Larabinanase; all three have been purified and characterized. AbfA acts only on small linear 1,5-a-linked L-arabinofuranosyl oligosaccharides, whereas AbfB IP: 54.70.40.11
On: Wed, 05 Dec 2018 11:44:21 M. G I E L K E N S a n d OTHERS hydrolyses 1,s-a, 1,3-a and 1,2-a linkages in both oligosaccharides and polysaccharides, which contain terminal non-reducing L-arabinofuranoses in side chairis (Kaji, 1984; Rombouts et al., 1988; Van der Veen et al., 1991) . The encoding genes have been cloned and characterized (Flipphi et al., 1993a (Flipphi et al., , b, c, 1994 . In A. niger, the synthesis of these enzymes is induced by both L-arabinose, the final product of L-arabinan degradation, and by L-arabitol, an intermediate in the catabolic pathway of L-arabinose, though the latter is a stronger inducer . Furthermore, the expression of the L-arabinanase system is under carbon-catabolite repression when more preferable carbon sources like D-glucose are present in the medium Ruijter et al., 1997) .
As in A. niger, L-arabinanase biosynthesis in A. nidulans is induced by L-arabinose-containing substrates (sugarbeet pulp, for example) by the monomeric sugar Larabinose and more strongly by L-arabitol (Ramon et al., 1993) . When correlating arabinanase biosynthesis and the accumulation of L-arabitol in an L-arabitol dehydrogenase-negative mutant, de Vries et al. (1994) obtained evidence that L-arabitol is the actual inducer. Besides an endo-arabinanase activity, only one a -~arabinofuranosidase (ABF) activity has been found in A. nidulans. These two proteins show immunological cross-reactivity with antibodies raised against A. niger AbnA and AbfB, respectively, and these enzymes art: also similar to the A. niger counterparts in their kinetic and physico-chemical properties (Ramon et al., 1993) . Van der Veen et al. (1994) investigated the regulation o € these two extracellular enzyme activities and of tht: enzymes of the L-arabinose catabolic pathway that generate the inducer, in particular with respect to carbon-catabolite repression.
T o extend the previous analysis to the transcriptionall level, we have now cloned and characterized the A. nidulans a6fB gene. Furthermore, disruption of the a6fB gene will facilitate us to identify possible new minor ABF functions.
METHODS
Strains, media and culture conditions. Escherichia coli DH5a was used as a host for cloning experiments. All Aspergillus strains used in this paper are described in Table 1 . See Clutterbuck (1993) for definition of gene symbols. Aspergillus minimal medium was prepared as described by Pontecorvo et al. (1953) and contained 0.04 ml trace element solution l-', as described by Vishniac & Santer (1957) . Strains used in the shift experiment were pre-grown for 18 h at 37 "C in 250 ml minimal medium (MM) containing 100 mM D-glucose and 0.05 YO (w/v) yeast extract. After harvesting, the mycelium was washed with 0.9% (w/v) NaCl and 3 g portions were transferred to 50 ml M M containing 50 mM L-arabitol or 50 mM L-arabitol and 20 mM glycerol. These transfer cultures were grown for additional periods of 6 and 10 h. Where necessary, the media were supplemented with 1.5 mg p-aminobenzoate I-' or 4 pg biotin 1-l.
DNA isolation and manipulation. Fungal DNA was obtained as described by Ramon et al. (1987) . Amplification of the A. niger abfB gene was done as described previously (Sanchez-Torres et al., 1996) using oligonucleotides Abf2 (5' GAC-CTATTTACAAAGCTTTCTCC 3'), which anneals 85 bp downstream of the stop codon, and Abf4 (5' GAGCCTGCA-GTAATGCTCCACAATGTTCTCC 3') , which includes the ATG translation start codon.
Construction and screening of an A. nidulans partial genomic library. Southern-blot analyses of A. nidulans DNA using a 1.6 kb DNA fragment obtained by PCR, containing the entire A. niger abfB gene as a probe, were carried out under various hybridization and washing conditions. This revealed the existence of multiple hybridizing DNA fragments. T o avoid isolating false positives upon screening the library, the following scheme was devised. A. nidulans DNA was digested with HindIII and samples were fractionated in triplicate by agarose gel electrophoresis. After transfer and UV fixation of the DNA to a nylon membrane, the membrane was cut into three pieces containing the same samples. Each piece of membrane was hybridized under alternative conditions (last wash step with 4 x SSC and 0.1 '/o SDS at 60 "C) with the complete A. niger abfB gene, a 0.9 kb KpnI fragment containing the 5' region of the A. niger abfB gene, or the remaining 0.7 kb fragment which contains the 3' region of the A. niger abfB gene. Comparison of the hybridization patterns showed that a 6 kb HindIII fragment hybridized with the three probes under the alternative conditions. Subsequently, a partial library of A. nidulans was constructed. A. nidulans DNA was completely digested with HindIII and DNA fragments were separated through a 0.7% agarose gel. Fragments between 5 and 7 kb in length were recovered from the gel using a Geneclean kit (Bio 101) and ligated into pBluescript SKII( + ) that had previously been digested with HindIII and dephosphorylated. The ligated plasmids were used to transform competent E. coli DH5a cells. The library was screened by colony hybridization under heterologous conditions using the PCR amplified A. niger a6fB gene as a probe. Approximately 12000 recombinant clones were screened.
Sequence determination and analysis. Double-stranded plasmid DNA was sequenced using the Sequenase 2.0 kit (Amersham). A series of nested deletions were obtained by the exoIII/Sl nuclease method (Henikoff, 1984) . In addition, synthetic oligonucleotides were used to determine the sequence on both DNA strands. Computer analysis was done using the PC/GENE program (IntelliGenetics) and version 7 of the Genetics Computer Group package (Madison, WI, USA).
RNA isolation and Northern analysis.
Total RNA was isolated using TRIZOL (Life Technologies) according to the manufacturer's instructions. Northern analysis was performed as described by Sambrook et al. (1989) . Ten micrograms of total RNA was applied per lane. Northern blots were probed with the 0-65 kb EcoRI-KpnI A. nidulans abfB fragment or with the 0-9 kb EcoRI fragment from the Agaricus bisporus 28s rRNA gene (EMBL accession no. X91812), which was used as an internal control. The blots were washed down to 0-2 x SSC at 65 "C. RNA levels were quantified by liquid scintillation analysis in a Packard Ultracarb 1500. Samples were corrected for loading differences using the 28s rDNA. All values were normalized to the sample of WG096 transferred to L-arabitol and grown for 10 h.
Construction of an abfis-disruption plasmid. Plasmid pH12S1, containing the 3-6 kb SmaI insert of the a6fB gene, was digested using XbaI/HindIII and ligated into pGEM7, IP: 54.70.40.11
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RESULTS AND DISCUSSION

Cloning the A. nidulans abfB gene
Southern-blot analyses of A. nidulans DNA revealed the existence of multiple hybridizing DNA fragments when probed with a PCR fragment containing the entire A. niger ahfB gene. A strategy was devised to avoid the isolation of false positives upon screening of a library (see Methods). Twenty-two hybridizing colonies were found when a partial plasmid library was screened. Physical maps of the plasmids isolated from these colonies allowed us to group them into five classes. One member of each class was further analysed by Southern blotting using either the 5' or the 3' region of the A. niger a6fB gene as probes under the alternative conditions.
One of these plasmids, designated pH12, showed strong hybridization signals with both probes in an overlapping region, thus being likely to contain a gene homologous to A. niger a6fB. A 3.6 kb SmaI fragment from pH12,
Figrn 1.
Restriction map of the Smal fragment containing the A. nidulans abtB gene. The KpnI-EcoRI DNA fragment that hybridizes with probes derived from both 5'and 3' regions of the A. niger abfB gene is indicated by a boxed pattern.
shown in Fig. 1 , was subcloned in both orientations into the EcoRV site of pBluescript, yielding pH12S1 and pH12S4. It is interesting to note that of the 22 positive clones initially isolated, six of these, all belonging to the same class, contained the a6fB gene. The remaining clones were not further analysed since they might represent false positives.
Sequence analysis of the A. nidulans abfB gene
The nucleotide sequence of a 3141 bp SmaI-XhoI fragment from pH12 was determined on both strands. The determined sequence contains an ORF of 1530 bp. The predicted amino acid sequence of the encoded protein contains 510 amino acids and a putative signal peptide of 24 amino acids. The mature protein has a calculated molecular mass of 50.6 kDa and a calculated PI of 3.9.
Similarity searches revealed that A. nidulans AbfB is homologous to A. niger N400 AbfB (77% identity; Flipphi et al., 1993a) , and also to Trichoderma reesei Abfl (Margolles-Clark et al., 1996) signal peptides, shows a high overall identity which is calculated to be 64 % (Fig. 2) .
A. niger AbfB and T . koningii ABFIP-xylosidase proteins have recently been included in a new family of glycosyl hydrolases (Family 54; Henrissat & Bairoch, 1996) . Family 54 thus includes A. nidulans AbfB as well.
It is interesting to note that, whereas both Trichoderma enzymes also show P-xylosidase activity, this was not found for the A. niger equivalents (Flipphi et al., 1993a) or for A. nidulans AbfB.
In the promoter region of the A. nidulans a6fB gene, consensus recognition sequences were found for the wide domain regulators CreA (at -127, -253 and -435) and , that mediate carbon-catabolite repression and pH regulation, respectively.
Regulation of abfB expression
Van der Veen et al. (1994) the L-arabinose catabolic pathway and in the biosynthesis of AbfB in A. nidulans. In the creAd4 and creAd.30 strains, very marked, elevated inducibility was noticed for both the extracellular enzyme and for the intracellular enzymes. De Vries et al. (1994) characterized an araA2 mutant, which turned out to lack NAD+-dependent L-arabitol dehydrogenase activity and is unable to utilize L-arabinose or L-arabitol. This strain featured elevated expression of AbfB, caused by the accumulation of L-arabitol. Here, we have extended these studies by comparing, under inducing conditions only, the expression of a6fB in the wild-type strain, the araA2 mutant, a carbon-catabolite derepressed mutant (creAd4) (Bailey & Arst, 1975) and an araA2 creAd4 double mutant. The strains were cultivated as described in Methods. In this way, any biosynthesis of AbfB can be attributed to induction by L-arabitol, since pre-growth on D-glucose strongly represses AbfB expression and therefore no AbfB is present at the start of the induction period.
We first determined the PNP-A hydrolysing activities in the culture filtrates in the various A. nidulans strains, which is shown in Fig. 3 . Hydrolysis of PNP-A was significantly increased in the creAd mutant compared to that measured in the wild-type. The increase of PNPase activity was less in the araA mutant than in the creAd mutant. In the araA creAd4 double mutant, however, the level of PNP-A hydrolysing activity was higher than that in the two single-mutant strains. In this double-mutant strain, the combination of the creAd mutation and the intracellular accumulation of inducer leads to superinduction.
Previously, ABF induction studies in A. nidulans were limited to measurements of enzyme activity, Western blotting and inducer-level effects (van der Veen et al., de Vries et al., 1994) . With the availability of the a6fB gene, we also studied the a6fB expression at the transcriptional level. As is shown in Fig. 4, the a6fB transcript accumulation paralleled the total extra- Fig. 4 . Northern-blot analysis of abfB transcription in various A. nidulans strains. Strains were pre-grown on 100 mM Dglucose and shifted to fresh media containing 50 mM L-arabitol with (A+G) or without (A) 20mM glycerol and grown further for either 6 or 10 h (first and second lane of each strain, respectively). The relative abfB mRNA levels, which are expressed in arbitrary units are also shown.
The abfB transcript levels were corrected for loading differences and all values were normalized for the sample of WG096 transferred to L-arabitol and grown for 10 h. GO94 (araAl); 3, creAd4 (creAd4); 4, NW186 (araA7 creAd4) ; 5, pacCC (pacCC14); 6, palA (palA1).
cellular ABF activity and AbfB protein levels in the culture filtrate. This is in agreement with the results obtained for the a6fB-disruption strain in which it was shown that AbfB is the major component of the PNP-A hydrolysing activities in A. nidufans (see below). The a6fB transcription was also analysed when the strains were transferred to media containing 50 m M L-arabitol and 20 mM glycerol as mixed carbon source. Glycerol was added as a non-repressing carbon source to sustain growth of strains carrying the araA1 mutation, which are unable to utilize L-arabitol (Figs 3-5 ). HPLC analysis showed that the concentrations of L-arabitol in the can also be a neutral or inducing carbon source on the expression of different enzymes.
As in the case of the A. nidufans ipnA (Espeso et al., 1993) , xfnA and xfnB (MacCabe et af., 1998) genes, the presence of putative PacC-binding sites suggest possible regulation in response to external pH. Therefore, we have investigated the potential role of PacC by studying AbfB induction in a constitutive mutant (pacCc14), which mimics growth under alkaline conditions, and in a pal mutant (palAl), which mimics growth under acidic conditions. The level of PNPase activity was higher in the pafAl strain than the wild-type, whereas in the pacCC strain it was lower than the wild-type (Fig. 3) . The repression of AbfB induction by the pacCC14 mutation is shown in Figs 4 and 5. Thus it can be concluded that the expression of the a6fB gene is p H regulated and is higher at acidic pHs.
Disruption of the A. nidulans abfB gene
Ramon et af. (1993) found that AbfB was the major ABF activity in A. nidufans, since no a6fA homologue could be detected in A. nidulans. We therefore constructed a strain in which the a6fB gene was disrupted to test this and to explore the possibility that other unknown ABF NW190 were used in transfer cultures as described i n Fig. 5 . No AbfB protein could be detected in the culture filtrate of the Aa6fZ3 strain using A. niger AbfB antibodies ( Fig. 6a ). Furthermore, the PNPase activity was reduced approximately 100-fold to 1.2% of the level seen in control strain NW187 (Fig. 6c ). Activities were expressed in mU ml-' since we did not determine the actual dry weights of all samples. This reduction in PNPase activity indicates that AbfB is the major component responsible for the observed PNPase values in A.
nidulans. N o AbfB activity could be detected when SDS-PAGE was conducted followed by a renaturation step and active enzyme staining using MU-ara. However, two other MU-ara-hydrolysing activities having an apparent molecular mass of 30 and 33 kDa, respectively, could be visualized (Fig. 6d) . Western-blot analysis demonstrated that the 33 kDa band reacted with antibodies raised against Aspergillus tubingensis arabinoxylan arabinofuranohydrolase A (AxhA) (Fig. 6b ). This protein is likely to be the A. nidulans equivalent of AxhA from A. tubingensis. AxhA was found to release Larabinose residues from ara binoxylans only (Kormelink et al., 1991) , and its expression was induced by Larabitol . The A. tubingensis
AxhA enzyme has a much higher specific activity towards MU-ara than to PNP-A. The specific activity of A. tubingensis AxhA on PNP-A is approxirnately 1.5 x U mg-l compared to 23.5 U mg-l for AbfB (unpublished results). The AxhA equivalent in A. nidulans is therefore a significant component of the residual PNPase activity present in the AabfB strain.
Besides AxhA, another MU-ara-hydrolysing activity corresponding to the 30 kDa band is present in A. nidulans, but it is unknown whether this contributes to the PNP-A-hydrolysing activity.
